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Aldosterone and potassium homeostasis. The presently accepted regu-
lators of the homeostatic excretion of potassium are the plasma concen-
trations of aldosterone and potassium. Evidence for a role of aldosterone
is reviewed, and it is pointed Out that aldosterone is kaliuretic at
supraphysiologic levels but has little kaliuretic activity within its normal
secretory range. Elevation of plasma potassium above its normal range
enhances the kaliuretie action of aldosterone. Elevation of plasma potas-
sium above, but not within, its normal range is strongly kaliuretic. In sheep
the kaliuresis induced by intake of a potassium rich meal cannot be
explained by changes in aldosterone or plasma potassium. A kaliuretic
reflex arising from receptors in the gut, portal vein or liver has been
proposed the explain the meal-induced kaliuresis. This putative reflex
involves the central nervous system and efferent kaliuretic factors other
than aldosterone and plasma potassium. Evidence for the involvement of
the central nervous system and undetermined kaliuretic regulatory factors
can be found in studies of the physiologic circadian rhythm of renal
potassium excretion. This rhythmic excretion does not appear to depend
on changes in either aldosterone or plasma potassium.
In The Kidney, Smith [11 stated: "The regulation of the excre-
tion of this cation (potassium) is very obscure." The present paper
asks the question: Is this view as valid today as it was in 1950?
By 1950 the experiments of Berliner, Mudge and their col-
leagues [2—41 had demonstrated that potassium excretion in-
volved filtration, proximal reabsorption and distal secretion. Dis-
tal secretion appeared to determine the variable excretion
necessary for potassium homeostasis.
How this variable secretion was regulated was unknown. The
presently accepted theory that the plasma concentrations of
potassium and of aldosterone determine homeostatic excretion
had not yet been formulated.
It will be seen from the following review that, during the
development of the current view of the role of aldosterone,
inferences were made on the basis of equivocal evidence and
theories were widely accepted despite cogent counter arguments.
Is aldosterone a kaliuretic hormone?
The concept that adrenal substances were regulators of homeo-
static potassium excretion dates from the early studies of the
derangements that occurred with adrenal insufficiency or adrena-
lectomy. These derangements include: the renal loss of sodium
and water; a consequent diminished extracellular fluid volume,
diminished circulatory function, and diminished renal perfusion;
azotemia, renal retention of potassium, and severe hyperkalemia.
It appeared that substances released by the adrenal cortex dimin-
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ished sodium excretion and enhanced potassium excretion (for a
review of major studies on the role of the adrenal cortex in
mineral metabolism, see Marenzi [5]). Administration of cortical
steroids reversed these derangements, restoring normal water and
sodium balance, increasing potassium excretion and restoring
normal levels of potassium. These responses were taken as
confirmation of both a kaliuretic and antinatriuretic activity of
adrenal steroids. Increases in plasma potassium in the fasted
adrenalectomized animal indicated the adrenal steroids also
played a role in the intracellular retention of potassium.
The kaliuretic effect of adrenal steroids was questioned on the
basis that, after adrenalectomy or in adrenal insufficiency, replen-
ishment of NaCl and water losses also led to enhanced potassium
excretion and a reduction in plasma potassium towards normal.
This gave rise to the views that diminished potassium excretion in
the absence of adrenal steroids was secondary to hypovolemia and
pre-renal failure, and that the hyperkalemia may have been
exacerbated by transfer of potassium from intracellular to extra-
cellular fluid. Significant support for the idea that adrenal steroids
did not possess a specific kaliuretic property came from studies in
which their administration to normal subjects consistently caused
marked sodium retention, while exerting either trivial or no effects
on potassium excretion [6].
Although most investigators held to the view that adrenal
extracts contained an active principle that regulated the renal
excretion of potassium, not all authorities were convinced. Peters
[7] wrote: "The primary effect of adrenalectomy, so far as urine
formation is concerned, may be merely to retard reabsorption of
sodium salts." Shannon [8] called attention to: "The complete
absence of information on the normal rate of liberation of the
cortical hormones is a barrier to evaluation of the physiological
importance of these findings." This, in my opinion, constitutes the
most devastating evaluation of prior assumptions regarding the
physiologic role of adrenal steroids in the regulation of potassium
excretion.
Aldosterone was isolated in the early 1950's and was shown to
have potent antinatriuretic activity and to reduce the urinary
sodium to potassium ratio. Despite its equivocal effects on potas-
sium excretion, with most effects being produced with what were
later shown to he massive, supraphysiologic doses, aldosterone
was assigned the properties of both kaliuretic and antinatriuretic
hormone. The kaliuretic effect was primarily derived from the
antecedent view that mineralocorticoids possessed this property
[9].
Rabinowitz reviewed the direct effects of aldosterone adminis-
tration on potassium excretion as reported in publications from
1952 to 1977 [9]. The review's conclusions were unexpected and
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contrary to the existing general view. First, it appeared there was
neither sufficient nor compelling evidence that aldosterone, when
secreted by the adrenal cortex of normal mammals, acted to
increase potassium excretion. Second, there was no evidence that
aldosterone was a major factor in the homeostatic regulation of
renal potassium excretion. Third, aldosterone when administered
in supraphysiologic doses appeared to stimulate potassium excre-
tion. Fourth, within the physiologic range of secretion, aldoste-
rone had a large and consistent antinatriuretic effect.
The findings over the years 1959 to 1963 that an elevation of
plasma potassium was a potent stimulus to aldosterone secretion
reinforced the then well-established conviction that aldosterone
was a major factor in the homeostatic regulation of potassium
excretion [10]. It closed the loop in a teleologically satisfying
negative feedback system. This effect of plasma potassium, how-
ever, did not directly establish or confirm the hypothesis that
aldosterone regulated renal tubular potassium secretion.
The frequently reported failure of administered aldosterone to
increase potassium excretion gave rise to corrective elaboration of
the kaliuretic hypothesis. One elaboration was based on the
premise that distal potassium secretion occurred as a stoichiomet-
nc exchange for sodium and was therefore dependent on an
adequate sodium delivery. Consequently, depletion of the extra-
cellular fluid leading to a reduced distal sodium delivery would
prevent aldosterone from increasing distal potassium secretion
(see, for an example of this argument, Finn and Welt [11]). This
premise was later disproved by Malnic, Klose and Giebisch [12,
13]). A second major elaboration, still current [14, 15], argues that
because distal potassium secretion is flow dependent, aldosterone
would not be kaliuretic when volume depletion leads to a dimin-
ished distal flow.
There was also a perplexing paradox: how could one hormone
with simultaneous effects on the tubular transport of both sodium
and potassium, act to regulate the excretion of each ion indepen-
dently in response to each ion's independent excesses or deficits
[10]. Laragh and Sealy [10] proposed a double cycle feedback
model to resolve the paradox. This and other models had in
common the premise that aldosterone, when secreted in its
normal range, altered potassium excretion.
Camperi, Vaughn and Fanestil [16] provided evidence against
this premise. They demonstrated a differential acute effect of
single doses of aldosterone in the adrenalectomized rat. Their
results showed that low levels of aldosterone were potently
antinatriuretic but had little kaliuretic effect, whereas with ele-
vated levels, the antinatriuresis became maximal while the kali-
uresis continued to increase. The doses required for maximal
antinatriuresis fell within the normal levels of secretion, the
higher doses that produced pronounced increases in potassium
excretion, exceeded normal secretion rates by more than a
thousand-fold.
Other findings indicated that physiologic doses of aldosterone
that were not kaliuretic when the plasma potassium was normal,
would induce kaliuresis when the plasma potassium was elevated
[17]. This phenomenon was systematically studied by Young and
Paulsen [18, 19] in chronic studies on adrenalectomized dogs, and
by Rabinowitz, Sarason and Yamauchi [20] in acute studies using
normal sheep.
In Young's experiments [18, 19], 24-hour urine collections were
made following 7 to 10 days of steady administration of aldoste-
rone and 7 to 10 days of step increases in potassium intake. Of the
three levels of aldosterone administration (20, 50 and 250 pg/day)
the two lower levels defined the normal range of aldosterone
secretion while the higher level was approximately five times
greater than the upper limits of the normal secretory range. The
two lower doses of aldosterone had no kaliuretic effect over the
normal range of plasma potassium. There was a pronounced
kaliuretic effect of aldosterone with the higher dosage at all levels
of plasma potassium and with the lower dosages when plasma
potassium was above its normal range. From these findings Young
concluded aldosterone had little effect on the normal regulation
of potassium excretion in response to potassium intake in the
normal dog [19, 21]. It is impossible to determine from those
studies whether the increases in potassium excretion with chronic
high potassium administration was directly caused by the concur-
rent levels in plasma potassium or whether they resulted from the
adaptive increase in sensitivity of distal secretory mechanisms to
prolonged high potassium intake, a phenomenon generally re-
ferred to as "potassium adaptation" [14, 22].
Rabinowitz, Sarason and Yamauchi [20] studied the immediate
effects of intravenous infusion of potassium chloride in normal
sheep. Potassium excretion and arterial plasma potassium were
measured prior to and during potassium infusion, under condi-
tions of constant infusion of a high physiologic level of aldoste-
rone, inhibition of aldosterone by a spironolactone, and no steroid
treatment. Aldosterone had a profound kaliuretic effect but only
when plasma potassium was above its normal value. Within the
normal range of plasma potassium there was no significant effect
of aldosterone on potassium excretion, although aldosterone
infusion substantially depressed sodium excretion and the salivary
sodium-to-potassium ratio.
In summary, the evidence that aldosterone has a major role in
the homeostatic regulation of potassium excretion is at best
equivocal, and does not support the unqualified conclusion that
aldosterone plays this role in normal animals or humans.
Is plasma potassium a homeostatic regulator of
potassium excretion?
The other major element now thought to regulate homeostatic
potassium excretion is the plasma potassium concentration. The
modern basis for this idea is the observation that potassium
excretion is correlated with acute increases in plasma potassium
during intravenous potassium infusion or oral potassium loading.
This correlation was first clearly demonstrated by Berliner,
Kennedy and Hilton [3] in the dog, and has been subsequently
repeatedly demonstrated in other species. Micropuncture studies
by Giebisch, Sullivan and Whittembuiy [231 demonstrated the
immediate increase in distal potassium secretion in response to
local increases in potassium concentration, thereby establishing
that increases in plasma potassium can cause increased excretion.
Studies of the relation between changes in plasma potassium
and potassium excretion have shown the following. A large
chronic elevation in potassium intake produces equivalent in-
creases in potassium excretion. In the rat, in some studies, the
increases in excretion were associated with small elevations in
plasma potassium concentration, and in others with no increases
(for references see [24]). After acute oral loads of potassium salts
in humans there are small increases in plasma potassium associ-
ated with a marked kaliuresis (brief review in Caló et al [25]); and
lastly, with long-term intake of a low potassium diet both plasma
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potassium and potassium excretion are severely depressed (brief
review in [26]). From these findings which demonstrated causa-
tion and correlation between changes in plasma potassium and
parallel changes in excretion, it was a short step to the theory that
physiologically induced changes in plasma potassium were an
important element linking potassium excretion, on the one hand,
and potassium intake and total body potassium, on the other.
Quantitative considerations, however, required a crucial mod-
ification of this hypothesis. In the normal animal or human in
caloric balance, the plasma potassium concentration is maintained
within a narrow range of a few tenths of a milliequivalent per liter,
despite intermittent potassium intake throughout the day and
despite irregular intake from day to day. The narrow normal range
of plasma potassium made it necessary to attribute the regulatory
effect to very slight changes in concentration. This theory is now
accepted by many authorities (see, for example, Vander's state-
ment that the single most important factor influencing potassium
secretion are very slight increases in the plasma potassium con-
centration that occur in response to ingestion of a high potassium
diet [27]).
This widely accepted view that very slight changes in plasma
potassium within its normal range have an important causal role
in the minute-to-minute regulation of potassium excretion is not
supported by experimental findings.
The results of the chronic studies of Young [18] and Young and
Paulsen [19] indicate that there are only very small changes in
potassium excretion when plasma potassium concentration was
changed over its normal physiologic range in the dog. The same
was observed before and during acute intragastric infusion of
potassium chloride in unanesthetized rats, both in normal rats and
in rats after uninephrectomy (unpublished results of RI. Aizman,
L. Rabinowitz and C. Mayer-Harnisch). It is also seen in sheep
receiving acute intravenous infusions of KC1. [28]. For all three
species it appears that very small changes in plasma potassium
produced large changes in potassium excretion only when the
plasma potassium was above the range found with intake of a high
potassium diet. Within the normal range, very slight changes in
plasma potassium appear to have no significant effect on potas-
sium excretion. Furthermore, contrary to theory, on the first day
that large reductions in daily potassium intake were imposed on
normal humans, there was a large drop in potassium excretion,
which in a number of trials was not accompanied by a change in
plasma potassium concentration (for references see Rabinowitz
[26]).
Studies on the kaliuresis following meal intake in sheep
We found no studies directly examining the quantitative role of
acute changes in plasma potassium or in aldosterone in the
generation of the kaliuresis that follows intake of a normal
potassium containing meal. We consequently examined this ques-
tion [20, 28—311 using as experimental model the sheep fed a
single daily meal of alfalfa. The meal contained between 300 and
600 mEq potassium, a normal quantity for the herbivorous sheep
[32]. Meal intake over one hour produced a pronounced meal
dependent kaliuresis [32]. In the absence of meal intake, there was
no kaliuresis, as shown by experiments in which a fast day without
feeding was interposed between fed days [32]. Without a meal,
potassium excretion progressively decreased. Excretion was pre-
cisely modulated to maintain potassium balance [32].
We made the following observations regarding the meal in-
duced kaliuresis: (1.) Its magnitude was proportional to the
potassium content of the meal [32]. (2.) The kaliuresis could be
replicated by intraruminal potassium chloride infusions, with the
magnitude of kaliuresis proportional to the magnitude of load
[32]. (3.) Although increases in plasma potassium commonly
accompanied the increase in potassium excretion they did not
always occur. Following intake of a standard alfalfa meal the
increases in plasma potassium, when they occurred, averaged 0.5
mEq/liter [32]. Intravenous infusion of potassium chloride on fast
days that also produced a rise in plasma potassium of 0.5
mEq/liter only raised potassium excretion by 1/4 the amount
observed with meal intake [28]. (4.) Changes in plasma potassium,
when they did occur, often had a different time course than the
kaliuresis [32J. (5.) Plasma aldosterone levels did not change with
the meal induced kaliuresis [32]. Plasma aldosterone was the same
on fed and fasted days [32]. (6.) Infusion of aldosterone at a high
physiologic rate on fasted days did not increase potassium excre-
tion, although it always substantially lowered both sodium excre-
tion and the salivary sodium to potassium ratio [20, 32]. (7.)
Administration of a spironolactone inhibitor of aldosterone did
not block the meal induced kaliuresis [321. (8.) The kaliuresis did
not correlate with the acid-base status of arterial blood or of urine
[32]. (9.) The kaliuresis did not correlate with sodium excretion.
The kaliuresis occurred in the absence of changes in sodium
excretion [32]. Furthermore, infusion of NaC1, NaHCO1 or
Na2SO4 to produce a sodium diuresis on fast days failed to induce
a kaliuresis [30, 32]. (10.) During the kaliuresis there was no
change in GFR, and potassium clearance frequently exceeded the
inulin clearance [32]. (11.) Potassium excretion correlated over
time with ruminal liquid potassium concentration both on fed and
fasted days [32]. (12.) Lastly, plasma levels of insulin or glucagon
did not correlate with the kaliuresis nor did infusion of physiologic
doses of either hormone induce a kaliuresis on fasted days [30].
These findings indicated that changes in plasma potassium were
neither the necessary or sufficient cause of this acute physiologic
kaliuresis, and that aldosterone did not cause the kaliuresis, nor
did changes in acid-base status, diuresis, sodium or anion excre-
tion, insulin or glucagon, or contents of a meal other than
potassium.
To explain these findings we proposed the following hypothesis
[31, 32]. Potassium receptors exist in some region of the gut, the
portal circulation, or liver. They respond to local increases in
potassium concentration that occur secondary to enteric potas-
sium intake. They initiate a "reflex" kaliuresis. This reflex involves
the brain and undetermined kaliuretic regulatory factors.
When we formulated this hypothesis we did not know a similar
hypothesis had been previously published in a Soviet journal by
Finkinshtein et al [33]. (For a description and references to this
and related work by this group in Novosibirsk see the review of
Rabinowitz and Aizman [34].)
Aizman and co-workers demonstrated in the unanesthetized
dog that brief intraportal infusions of potassium chloride induced
a kaliuresis without elevation of systemic arterial plasma potas-
sium. Equivalent infusions of KC1 into the systemic circulation did
not evoke a kaliuresis. This kaliuresis was blocked by section of
the subdiaphramatic vagus nerve. The kaliuresis began within 15
minutes after initiation of infusion, a period too brief to involve a
role for aldosterone [34].
In a recent study we found that an oral dose of potassium citrate
in normal humans induced a kaliuresis without a rise in the
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systemic venous plasma potassium concentration and without
consistent increases in aldosterone or sodium excretion. An equal
oral dose of sodium citrate, with equal alkalinizing capacity, did
not induce a kaliuresis [25]. We interpreted our results as
evidence for an enteric potassium reflex in humans. Many studies
in humans have shown a kaliuresis following oral potassium intake
that was associated with concurrent increases in plasma potas-
sium; in those studies the oral loads were higher than in ours [25].
Circadian rhythm in renal potassium excretion
Our hypothesis and that of Aizman added two additional
elements to the theory of homeostatic regulation of potassium
excretion: the first was an important role for the central nervous
system; the second was control by factors other than aldosterone
or acute changes in arterial plasma potassium. Further evidence
for these unconventional propositions is found in studies of the
circadian rhythm in potassium excretion.
A prominent circadian rhythmic potassium excretion has been
shown in humans, rats and squirrel monkeys (for a brief review
see [34]). An example of the cycles in urine flow, and sodium and
potassium excretion, determined by serial 90-minute collections in
rats was provided by Rabinowitz et al [35]. The ratio of daily
potassium maximum to minimum varies depending on potassium
intake and species but generally falls within a range from 4:1 to
10:1 [34]. Thus the normal daily cyclic variation is larger than the
variations in mean 24-hour excretion observed with normal or
with large changes in dietary potassium intake.
The major characteristics of this rhythm, as disclosed by many
investigations, are as follows. It is driven by an oscillator presumed
to be located in the brain although its specific cerebral location
has not yet been demonstrated. The oscillator is entrained by
environmental clues having a 24 hour periodicity, primarily the
light/dark cycle, but persists with a circadian periodicity in the
absence of environmental clues [34]. The rhythm is independent
of cyclic variations in meal intake, as shown by its retention in
humans and squirrel monkey receiving meals evenly spaced over
24 hours, and by its retention in the rat when potassium intake is
constant [34]. Changes in daily potassium intake proportionally
alter cycle amplitude and maximum and minimum excretion but
do not alter the time of peak excretion [361. Potassium and
sodium circadian cycles are independent. The potassium cycle
precedes the sodium cycle. In the rat a potassium cycle occurs
when cyclic sodium excretion is suppressed [35]. Large variations
in sodium intake and in amplitude of the sodium cycle have no
effect on the potassium cycle [36]. There is evidence separate
oscillators may drive the potassium and sodium cycles [37].
The circadian rhythm in potassium excretion remains in adre-
nal-insufficient humans, it remains unchanged in adrenalecto-
mized squirrel monkeys and rats, and in adrenalectomized rats
receiving a constant infusion of aldosterone and dexamethasone
[35, 36, 38—41]. Large changes in dietary sodium intake or dietary
potassium intake have the same effects on the respective cycles'
amplitude and maximum and minimum levels in intact and
adrenalectomized rats [361.
In rats there is no correlation between arterial plasma potas-
sium concentration and cyclic potassium excretion [42; Note
added in proof]. The plasma potassium concentration does not
rise at the time of peak excretion and is the same during light and
dark phase. A correlation between plasma potassium and cyclic
potassium excretion was observed in humans by Moore-Ede,
Brennan and Ball [43], with a peak increase in plasma potassium
of 0.2 mEq/liter, a value shown by other studies of Moore-Ede et
al to be too small to account for the large peak in potassium
excretion [44].
The renal nerves are not required for the cyclic excretion.
Normal cycles are present in humans and rats with transplanted
kidneys [45, 46]. The cyclic excretion is retained during constant
water diuresis in rats indicating it is not driven by vasopressin [34].
Cyclic potassium excretion appears to be generated by amiloride-
inhibitable distal potassium secretion in the rat [47].
In summary, there is a physiologic circadian rhythm in potas-
sium excretion. It has a high amplitude and is driven by an
oscillator in the brain. It is independent of cyclic potassium intake,
adrenal hormones, changes in plasma potassium, renal nerves and
sodium cyclic excretion. The efferent factor connecting the brain
and kidney is unknown. Despite this major gap in our knowledge,
this evidence supports the contention that the brain may be
involved in regulation of potassium excretion, and that factors
other than aldosterone and plasma potassium may have a quan-
titatively large effect in regulating renal potassium excretion.
Elsewhere Aizman and I have reviewed other lines of evidence
tentatively connecting brain and renal potassium excretion [34]. It
is not the intention of this review to suggest that fragmentary
evidence has established novel, comprehensive hypotheses. But
the evidence presented here does suggest that a complex and
redundant system of homeostatic regulation similar to that now
recognized for sodium may likewise exist for potassium. It appears
a fertile field remains for the study of the presently obscure
regulation of renal potassium excretion.
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